Introduction
The United States Nuclear Regulatory Commission (USNRC) revised Title 10 of the Code of Federal Regulations (10CFR 35.75) in 1997, allowing the release of patients immediately after high-dose radioiodine ( 131 I) treatment. Moreover, the International Commission on Radiological Protection (ICRP) suggested reasonable limits of radiation exposure a person may receive from a treated patient, which made high-dose 131 I outpatient treatment an alternative mode of therapy (1) .
Typically, patients who are treated with radioactive iodine-131 (above 30 mCi or 1.1 GBq) are subjected to confinement in the medical facility until radiation exposure rates from their bodies become less than 43.5 mSv/h at a 1-meter distance (12.9×10 −7 C/kg/h, 5 mR/h) or until the patients' radionuclide activities become less than 1.1 GBq I at a dose higher than 1.1 GBq (30 mCi) are subjected to the confinement in the hospital for a period of time before being discharged.
Changes in regulations from an activity-based limit to a dose-based limit allow patient release if radiation exposure from the patient is likely to result in a total effective dose equivalent of less than 5.0 mSv for any maximally-exposed individuals. In principle, the new regulation was supported by the ICRP publication 94, indicating that the release criteria in certain countries are overly restrictive and could be more focused on radiation protection without appropriate justification or optimization (3) .
The Safety Reports Series No. 63 by The International Atomic Energy Agency (IAEA) also stated that an exposure of a few millisieverts could be tolerated by family members, with the exception of pregnant women and children, as there are direct effects on both patients and those who care for them (4) .
The limited number of beds, nursing staff, and facilities and the growing number of population and patients, especially in developing countries, have been major issues for public healthcare. Each patient receiving 131 I treatment for thyroid cancer requires approximately 2-3 days of hospital stay as the standard practice (5-6). At many public hospitals in Thailand, patients may need to wait for several months for their treatment, considering the number of beds available for nuclear medicine patients at the hospitals.
In outpatient treatment, several factors including patient environment, financial costs, waste disposal, and psychological effects contribute to patient release (4) . Nevertheless, one of the primary issues which radioiodine-treated patients and their relatives are concerned about is radiation safety. Many eligible patients request to stay at hospitals in order to minimize radiation exposure to their family members; the eligibility criteria include living in a suitable environment, self-care abilities, and the possibility of being treated as an outpatient for radioiodine therapy.
Currently, the incidence of thyroid cancer in Thailand is at 2.2:100,000 population, with incidence rates of 1.1:100,000 and 3.2:100,000 in males and females, respectively (7) . In fact, the release of patients, meeting the criteria for radiation safety, would reduce load of hospitals, specifically public hospitals, and would benefit other patients requiring hospitalization.
As recent evidence suggests, only after one day of hospitalization, most patients receiving up to 7. (4, 8) . Thus, the standard practice of restraining patients in hospitals for 2-3 days should not be mandatory for most cases, as a fraction of radioactivity has decayed and most of the ingested activity has already been excreted through urination after one day.
In 2004, Nuclear Medicine Society of Thailand issued a statement indicating that high-dose 131 I (3.7-7.4 GBq) outpatient treatment of patients with thyroid disease is an admissible practice.
Patients contemplating such an option should be well-informed about the risks and thoroughly assess their conditions and environments.
Certain guidelines have been developed for outpatient treatment; however, they have not been widely accepted by physicians and are rarely adopted for patients due to radiation safety concerns. The Office of Atoms for Peace (OAP), as the national regulator of nuclear applications, also voiced its concern regarding public confidence.
Therefore, in this study, in order to explore the possibility of implementing these guidelines and gain acceptance by physicians and the public, the radiation exposure of the caregivers of patients, who underwent high-dose (³ 3.7 GBq) 131 I treatment, was evaluated. Instructions and guidelines for radiation safety were given to the patients and caregivers to minimize potential exposures. Both external and internal radiation doses were monitored to determine whether outpatient treatment with high-dose 131 I is an acceptable practice in Thai population.
Methods

Patients and patient selection
Patients with differentiated thyroid carcinoma, treated at Rajavithi Hospital in Bangkok, Thailand, who required 131 I treatment, were screened for outpatient treatment. Overall, 79 patients, who met the inclusion criteria, were asked to complete the questionnaires; the answers were evaluated to assess their suitability for outpatient treatment.
The questionnaire mainly focused on the following points: 1-Patients: gender, age, self-care ability, literacy level, willingness to be treated as an outpatient, pregnancy status, type of thyroid disease, amount of required 131 I, urinary incontinence, swallowing and vomiting conditions, medical needs, and hospital stay requirements. 2-Caregivers: gender, age, and pregnancy status.
3-Radiation safety: number of family members in the household, age of family members in the household, patient's ability to avoid close contact with pregnant women and children for 7 days, the possibility of the relocation of children for 5 days after the treatment, number of bathrooms (with shower and toilet) in the house, having a separate bathroom, mode of transport and accompaniment during the transport, presence of caregivers during the transport, pregnancy plan within 6 months after the treatment, if the patient can sleep alone, if the patient can keep a distance of 2 meters away from others, if the patient can eat alone for 7 days, and if the patient can stay at home for 3 days.
The questionnaire used in this study is provided in Supplementary Document 1.
Criteria for outpatient selection
The questionnaires were evaluated by a radiation safety officer (RSO) in consultation with the patients' nuclear medicine physicians to assess any potential radiation exposures to family members and the public. Qualified prospective patients were further interviewed by the RSO about their conditions for the outpatient treatment. Detailed arrangements for radiation safety were planned by the RSO according to each patient's characteristics and conditions.
Guidelines and instructions given to patients
The instructions given to patients were developed using practice recommendations of the American Thyroid Association (9-10). Radiation safety instructions for patients and caregivers after 131 I treatment are provided in Supplementary Document 2.
Radioactive
131
I treatment
Patients with differentiated thyroid carcinoma were given oral radioactive 131 I in form of sodium iodine, orally for therapy, with a planned activity range of 3.7-5.55 GBq (100-150 mCi), according to physicians' prescription. Patients were selected for outpatient treatment, based on their radiation safety status, evaluated by the RSO. Patients were also inquired for their voluntary participation, and patient consent forms were obtained.
Radiation exposure measurements
Patients and their caregivers were instructed regarding radiation protection guidelines. The caregivers were given personal electronic dosimeters (RAD-60S personal dosimeter, Mirion Technologies (RADOS) Oy, Turku, Finland) to monitor the patients' external radiation exposure for one week since the first day of patient treatment.
The caregivers were instructed to always wear the dosimeters on the torso at home and leave them in their bedrooms away from the patients as they leave the house. For internal dosimetry, caregivers were scanned for thyroid 131 I activity for 10 minutes each time, prior to and 7 days after patient treatments, using thyroid uptake system (Captus 3000) and bioassay measurement protocol according to the manufacturer's instructions (Capintec Inc., Ramsey, New Jersey, USA). Total radiation doses of caregivers were determined using the sum of external and internal radiation doses.
Results
As the data analysis indicated, of 79 patients, 62 cases (78.5%) were willing to be treated as outpatients, acknowledging that the risk of radiation to their relatives would be minimal if they were to strictly follow the radiation safety instructions. After evaluating the answers to the questionnaire (Table 1) , 44 patients (55.7%) were found to be suitable for outpatient treatment.
The inclusion criterion was patient's willingness to participate in the study, while the main exclusion criteria were as follows: 1) a long time required for travelling home; 2) urinary incontinence; 3) not having separate bedroom or bathroom for patient's exclusive use; and 4) having children at home.
The primary criterion, which most patients failed to meet, was that the patients did not have exclusive bathrooms for their use (46.8%). Also, in 21.5% of the patients, it took more than 3 hours to travel back home from the hospital, which forbade them from being treated as outpatients, since the driver (or any person within the same vehicle) would be potentially exposed to a substantial amount of radiation. In addition, the patients would require using public bathrooms, which could cause radiation exposure to the public.
Illiteracy was also reported in 15.2% of the cases, which made it difficult for the patients to understand and follow the radiation safety instructions. As previously mentioned, other exclusion criteria were having children at home and urinary incontinence (or other medical conditions), requiring hospitalization. These factors impeded the patients from receiving outpatient treatments, as shown in Table 1 .
After evaluating the questionnaires and interviewing prospective outpatients, we selected eligible patients with at least one family member, who could act as a caregiver. Demographic characteristics of the patients and their corresponding caregivers are indicated in Table 2 . As thyroid carcinoma is more prevalent among females (11), the selected patients (n=10) were all females, while the caregivers were their spouses, siblings, or children. The caregivers were evaluated for their background thyroid activity prior to the outpatient treatment.
Personal electronic dosimeters were given to the caregivers and they were instructed to wear them whenever possible. External radiation doses, which were recorded by the electronic dosimeter for 7 days, showed that the caregivers received a dose range of 21-672 mSv (average=138.1 mSv), which neither exceeded the recommended dose limit to caregivers (5 mSv) nor the annual limit for public (1 mSv), set by the USNRC.
As shown in Table 3 , the primary factor affecting the received dosage by the caregivers was the amount of time spent with the patient within the vehicle while returning home. Caregivers, who had received more than 100 mSv, had travelled home with the patients and had spent a substantial amount of time with them.
One of the intriguing results of this study was that the internal doses received by the caregivers were insignificant for all the subjects. Only one caregiver received an approximate dose of 0.1 mSv, which was insignificant, compared to the external radiation exposure. Expectedly, if the caregivers and patients strictly follow the given instructions, internal exposures to the caregivers will be marginalized.
Discussion
The gathered results indicated that a substantial number of patients required no hospitalization, i.e., more than half of the patients, hospitalized after 131 I therapy, could use home care. The radiation exposure results were consistent with a previous report, indicating that one-third of the caregiver dose was received during the transport from the hospital (12) . In this study, the most significant contributing factor was the journey home from the hospital. In fact, the dose received during the stay at home was much less, especially for caregiver number 10, who needed to spend over two hours with the patient within the same vehicle.
These results are also in agreement with a previous study, which showed that the cumulative dose to the nursing staff after 131 I treatment was dependent on patient mobility; this value was estimated at 0.08 mSv for a self-caring patient and 6.3 mSv for a totally helpless patient (13) . However, the amount of radioactive 131 I administered to the patients appeared to have little influence on the radiation doses received by the caregivers.
Compared to previous studies, which reported the radiation doses to family members (received from 131 I therapy), our results showed that the received doses were significantly lower than those previously reported. The lower amount of received dose was probably related to both patient selection and the instructions given to the patients and caregivers.
Additionally, we inquired the caregivers regarding the amount of time they spent with the patients and learned that as the patients were capable of self-care, the time that the caregivers needed to be in their proximity was fairly limited. Most of the caregivers also went to work during the day, thus, having little chance for radiation exposure, both internally and externally. Therefore, the estimated occupancy factor between the patients and caregivers was much lower than 1.
Additionally, a previously conducted study reported that out of 26 individuals, living with patients treated with high-dose 131 I, 25 had received a dose of less than 1 mSv, while others had received a dose of 2.8 mSv (14) ; these findings are in consistence with the current results. A previous study also indicated that family members of the patients received a dose range of 0.01-1.09 mSv (mean=0.24 mSv) (2).
These results indicated that outpatient 131 I treatment can be a safe option as the estimated values of the accumulated dose (at a 1-m distance from the patient) are generally less than 5 mSv, even if the caregiver attends the patient at all times (an occupancy factor of 1). Typically, for 131 I treatment, external exposure accounts for more than 90% of total exposure (15) .
In Thailand, the patient release regulation, which mandated a 3-day hospitalization as the standard practice, was theoretically derived from a simple calculation without considering radiation attenuation of the body and other factors; however, the calculated doses were found to be inaccurate as the measured doses were significantly lower than the calculated ones (16) . In fact, some patients may have retained radioactivity less than the release limit within 2 days after the treatment (17) .
Moreover, theoretic doses may overestimate the dose received by an individual. For instance, for 131 I-Tositumomab, the measured dose rate was at 60% of the theoretic dose rate, and dosimetric data estimated the mean dose received by the maximally exposed individual to be 3.06 mSv (range= 1.95-4.96 mSv), which remained within the recommended dose limit to the caregiver (18) .
Conclusion
Outpatient treatment with high-dose radioactive 131 I is the standard practice in several countries; however, the issue of public concern has been repeatedly raised. A number of reports have measured and determined doses to individuals surrounding the patients treated with high-dose radioactive iodine (³ 3.7 GBq) and found that outpatient treatment is a safe practice, especially if the patients and the surrounding individuals are provided with proper instructions and guidelines.
In this study, we showed that outpatient treatment is a safe and tenable alternative in Thailand. The radiation doses that the caregivers received when traveling with the patients were minimal as they followed the given instructions. Therefore, it is recommended that hospitals with limited resources (e.g., beds and nursing staff in their nuclear medicine department), should consider outpatient 131 I treatment for those eligible patients who agree to be treated as outpatients and are able to follow radiation safety instructions. subjects were asked for consent prior to being included in the study. The study was funded by the OAP and the Ministry of Science and Technology of Thailand (fiscal year 2556-2557 B.E.) (2013) (2014) . The authors would like to thank the staff at the Nuclear Medicine Unit of Rajavithi Hospital for their continuous support.
